Bacteria are the simplest cellular model in which amyloidosis has been addressed. It is well documented that bacterial consortia (biofilms) assemble their extracellular matrix on an amyloid scaffold, yet very few intracellular amyloids are known in bacteria. Here we describe the methods we have resorted to characterize in Escherichia coli cells the amyloidogenesis, propagation and dynamics of the RepA-WH1 prionoid. This prion-like protein, a manifold domain from the plasmid replication protein RepA, itself capable of assembling a functional amyloid, causes when expressed in E. coli a synthetic amyloid proteinopathy, the first model for an amyloid disease with a purely bacterial origin.
Introduction
When thinking about amyloids, especially on amyloid diseases, microorganisms do not come immediately to mind. However, yeast prions pop-up with contributions of paramount importance to our understanding of the molecular basis of the amyloid state and its epigenetic propagation. Regarding bacteria, the relevance of the functional extracellular amyloids in scaffolding biofilm formation, and thus in contributing to antibiotic resistance, is also insurmountable.
The folded N-terminal 'winged-helix' domain (WH1) of the plasmid DNA replication protein RepA [reviewed in (1)] has the property of assembling amyloid fibers in vitro upon allosteric binding to dsDNA effector sequences, while different mutations in the protein modulate its amyloidogenicity (2-4). Based on these in vitro findings, here we dissect the in vivo methods that we have used along the last years to generate a fully bacterial model system for an intracellular amyloid disease, the RepA-WH1 prionoid (prion-like protein), and to analyze in E. coli cells the molecular determinants of amyloidogenesis, vertical propagation (mother cell-to-daughter cells) and toxicity [reviewed in (5,6)]. Its expression fused to a fluorescent protein resulted in the formation of cytotoxic protein aggregates that hampered bacterial proliferation (7-9).
We followed the growth of bacteria either in bulk liquid cultures, on solid agarose cushions (7) or in a microfluidic device ('mother cell machine') (8). We characterized the amyloid character of the aggregates with conformation-specific antibodies (10), the electrophoretic analysis under semi-denaturing conditions (SDD-AGE) (8,11) and the binding of an amyloidotropic fluorophore (BTA-1) (8). By tuning the intracellular levels of the E. coli Hsp70 chaperone DnaK, we found that it participates in transforming the cytotoxic, highly amyloidogenic conformation of the prionoid into a less toxic one, compatible with the survival of bacteria during many generations (8). Both types of RepA-WH1 aggregates behave as distinct amyloid strains, according to their morphology and affinity for BTA-1, and were clearly different to the standard bacterial inclusion bodies (IBs), because they do not co-localize with the IB tracer protein IbpA
(8).
We have also studied the dominance in aggregation and in templating of different mutant variants of RepA-WH1 through co-localization experiments in vivo (11). Apart from fluorescence microscopy, we have developed protocols to visualize by means of immuno-electron microscopy the intracellular location and co-localization with DnaK chaperone of the RepA-WH1 amyloid foci (7,8). We found that RepA-WH1 amyloidogenesis initially occurs at the bacterial nucleoid (10). Furthermore, we later discovered that, in the whole native RepA, the WH1 domain drives the assembly of an amyloid nucleoprotein complex that negatively regulates plasmid DNA replication, making such assemblies the first intracellular functional amyloid ever described in 3 bacteria, or related to DNA dynamics (12). With the recent finding of yeast-alike prion domains in bacteria (13,14) the universe of intracellular bacterial amyloids has just started its expansion.
Materials
2.1. Expression of RepA-WH1 and chaperone co-factors 2.1.1. Plasmid constructs (Note 1).
1. pRG-repA-WH1(WT) and pRG-repA-WH1(A31V) (pMB9 replicon, high copy number, Ptac promoter with lacI operator, gene insertions between SacII and HindIII cloning sites, amplicillin selection) (2,21). 2. Add 75 µl of melted aerated 1.5% (LB) agar with 100 µg/ml ampicillin, and quickly drop a cover slip on top to obtain a thin cushion and let agar to solidify at RT (see
Note 5).
3. Remove carefully the cover slip with tweezers. 3. The structure obtained on the PDMS surface was the inverse of the silicon mold and was then used as the mold for the second PDMS replica. Then, a 2 min activation of the PDMS surface was conducted using oxygen plasma (70 W for 5 min), followed by hydrophobic TMCS treatment (see Note 6). After baking at 75°C for 2 h, the formation of a hydrophobic molecular film prevented adhesion between the two PDMS layers during peel off, and the second PDMS replication was easy to accomplish.
4.
A cover slide and the plasma-activated PDMS device, both freshly activated with air plasma, were then bound each to the other. After over-night at 75°C, the bond between PDMS and glass was strong enough to support the pressure of the flow through the microchannels.
5. Before use, surface chambers were neutralized with PEG400 (20%), followed by minimal M9 medium (supplemented with 1.5% PEG400) to avoid adherence of the cells to the PDMS.
3.2.3.2.
Bacterial proliferation within microchips 2. A 1 ml volume of E. coli culture was concentrated by centrifuging at 2,000 rpm for 5 min and then washed twice with M9-CAA supplemented with PEG400 to 1.5% (see
Note 8).
3. 100 µL of concentrated medium with a cell density of 10 10 cells/ml was injected from one entrance of the channel. Check cell density in the main channel under a microscope to be sure it is crowded with bacteria. A high density of cells increases the number of channels that will host a mother cell in it after centrifugation.
4. By centrifugation at 2,000 rpm for 5 min, under a centrifugal force co-aligned with the chip surface (see Note 9), the E. coli cells were driven from the main channel into the micro-channels. After centrifugation, the PDMS film was immediately released from the metal plates (see Note 10) and then carefully reconnected to the main flow tubes (inlet/outlet). Usually, more than 80% of the channels contain a mother cell.
5. The ready-to-use microfluidic chip was casted in an inverted fluorescence microscope setting and bacterial proliferation was followed by time-lapse microscopy (see 11 3.5.2.2).
3.3.
In vitro cross-seeding with ex vivo protein aggregates. This procedure tests the ability of aggregates generated in vivo to template fibril amyloidogenesis in vitro (7). As conformational templating is a hallmark of amyloidogenesis, this assay probes the amyloid character of any given protein that aggregates intracellularly.
Purification of intracellular RepA-WH1(A31V)-mCherry aggregates
1. Inoculate two Erlenmeyer flasks (2 l nominal volume) containing 400 ml of LB medium plus ampicillin (100 µg/ml) with E. coli MG1655 cells carrying pRG-WH1(A31V)-mCherry, and grow the culture at 30 °C to OD 600 = 0.8. 18. Place the membrane in a caster for X-ray films or in a luminiscence imager and expose, trying different exposure times according to luminiscence intensity.
Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE):
conformational analysis of bacterial protein aggregates. SDD-AGE, originally developed at the laboratory of Susan Liebman to detect the presence of detergent (SDS)-resistant amyloid assemblies (33), can be adapted to proteins carrying hydrophobic amyloidogenic stretches, such as the bacterial prion-like protein RepA-WH1 (11,34,35).
Grow bacterial cells in batch (see 3.2.1).
2. Harvest bacterial cells from 25 ml of LB culture (OD 600 = 2) by centrifugation and resuspend cells in 400 µl of lysis buffer. 10. Place the whole cast into a wet transfer blot cell and cover with running buffer.
Caution: Extreme care must be taken during electrophoresis to avoid any electrical hazard.
11. Run the transference at 16 V (400 mA) and 10 °C for 15 h.
12. Perform incubation with the appropriate antibodies to detect the protein polymers. 4. Centrifuge at 1,600 g and wash the pellet twice in 0.2 ml PBS for 10 min. 4. Centrifuge at 1,600 g, wash the pellet three times for 10 min in 0.2 ml PBS + 0.5%
Triton-X100 and resuspend the pellet in GTE buffer.
5. Lay 15 µl of the culture onto 0.1% poly-L-Lysine coated slides and air dry.
6. In a humid chamber add 20 µl of freshly prepared 8 µg/ml lysozyme in GTE buffer and, after 5 min, remove the lysozyme solution and quickly wash twice with PBS.
7. Block with 20 µl of blocking buffer for 30 min at room temperature. by using bacterial cultures not expressing the protein.
1. Wash the bacterial culture in PBS as described (see 3.5.2.2).
2. Fix the bacterial pellet in 2% FA in PBS for 1 h (see 3.5.2.3).
3. Centrifuge and wash the pellet three times (see 3.5.2.4).
4. Embed the fixed pellet in 2% low-melting point agarose. Heat the agarose in milli-Q water until it dissolves, then cold down to 37 ºC, add 10 µl to the centrifuge tube containing the pellet and resuspend the fixed bacteria.
5. Once the agarose jellifies on ice, carefully take out the gel, cut it into pieces and transfer to a 2 ml centrifuge tube.
6. Wash the gel pieces with 1 ml PBS for 30 min at room temperature. These experiments can also be carried out in M9 medium (see Note 4).
6. In this process, each hydroxyl group on the silicon surface, formed as a monolayer after plasma bombardment, reacted with a silane group of TMCS.
7. To minimize the lost of founder cells from the channels, it is convenient to use a ∆fliC mutant, which lacks flagella and thus exhibits reduced mobility.
8. Liquid flow must be laminar, without resistance. Carefully to wash out all possible particles remaining inside the PDMS chip. An increase in pressure in this step could cause your chip to leak and therefore made it useless.
9. Be sure that the part that is parallel to the centrifugal force is the main channel of the chip. Take into account that, once you prepare the chip, the coverslip edge and the main channel of the chip may not be parallel.
10. The easiest way to carry out this step is by tapping the coverslip to the metal part of the centrifuge. Then, carefully remove the chip by cutting the tape using a razor blade.
11. The sucrose gradient is pretty stable while stored at -70 ºC, but once thawed from to 4 ºC samples must layered and centrifuged straightaway. 
